Introduction
Light emitting diodes (LEDs) have been expected to be one of the next generation key devices because of their excellent properties such as low power consumption and high efficiency. For instance, InGaN/GaN multiple quantum wells (MQW) LEDs over sapphire substrates are well-known as full color lighting devices and are commonly used. One of the key issues for performance of the GaN based LEDs is the control of dopant elements distribution, optimization of the structure of MQW and reduction of crystal defects in the GaN epitaxial layer [1] . Low density of structural defects has been achieved, in spite of a large lattice mismatch, due to a buffer layer between the GaN epitaxial layer and the sapphire substrate. However, structural defects in the GaN epitaxial layer are still high density. Therefore, much effort has been devoted to reducing the structural defects by epitaxial growth techniques [2] [3] [4] . Even though the wafer dicing process is one of the most considerable processes for assembling LEDs modules, performance degradations as a LEDs device, have been occurred in the GaN epitaxial layer such as structural defects and crystal strains. Effect of the dicing process on fabricated chips was read many papers and patented for semiconductor devices manufacturing method, but they were studied about the shape of the diced surface, chip strength and electrical characteristics [5] [6] [7] [8] . Drop in the chip properties is caused by degradations of the crystal structure. As a first step of the analysis of structural defects and crystal strains generated in the GaN epitaxial layer by the dicing process, we report on the relationship between the variation of the crystal structures and the dicing process.
Experiments
The GaN wafer samples, which were grown in the <0002>-oriented GaN epitaxial layer on sapphire substrate by organometallic vapor phase epitaxy, were prepared for subsection by the dicing process. The structure of the GaN epitaxial layer as a sample is shown in Figure 1 . The buffer layer is 1.1 m, the Si doped n-GaN layer is 2.5 m, the MQW is 0.1 m and the p-GaN layer is 0.1 m in thickness. In order to dice the GaN-wafer, that process was performed using a dicing machine (DAD3350 (1.8Kw) Automatic Dicing Saw attached with a VT07-SD400-VC100-75 dicing blade, DISCO). The GaN-chips were cut in sizes of 0.7 × 0.7 mm and 1.7 × 1.7 mm as shown in Figure 2 .
In order to characterize the crystal structures of the GaN-chip, X-ray measurements and Raman spectra measurements were carried out. X-ray measurements were performed using a high resolution x-ray diffractometer (Smart-Lab, Rigaku) with a Cu rotation anode target and a four-crystal monochromator in Ge(220) configuration. Double-axis rocking curves of (002) and (hkl) reflections with h,k≠0 were recorded, the latter one in skew symmetric diffraction Figure 3 presents the full-width half maximum (FWHM) values of X-ray rocking curves for the GaN-wafer, the 0.7 mm square and the 1.7 mm square GaN-chips. The FWHM values of the each lattice plane of the GaN-wafer increased simply with the increasing angle of inclination. The FWHM values of (0002), (10-13), and (10-12) of the 0.7 mm square GaN-chip were become wider than those of the GaN-wafer. V. Srikant et al. had reported that (0002), (10) (11) (12) (13) , and (10-12) measured by the tilt angle were correlated with the density of the screw dislocations [9, 10] . Thus, the results in Figure 3 indicate that the screw dislocations might be generated in the GaN-chip by the dicing process. Meanwhile, the FWHM values of (0002), (10-13), and (10-12) of the 1.7 mm square GaN-chip were shown as wide as the GaN-wafer. Due to X-ray spot size of about 1mm in diameter, the FWHM values of the 1.7mm square GaN-chip were measured only about 1 mm in diameter of the GaN-chip center. These results suggest that the screw dislocations were generated just on the edge of the GaN-chip by the dicing process. 4. Micro-Raman spectra measurement Figure 4 shows the Raman spectra at the center and the edge points in the 0.7 mm square GaN-chip. The direction of the laser beam irradiation was parallel to the <0002>-oriented GaN epitaxial layer. The E 2 (high) peak and the A 1 (LO) broad peak are observed at 568 cm -1 and 734 cm -1 , respectively. This wave number accords with literature date [11] . F. A. Ponce et al. had reported that in a highly Si doped GaN material the quenching of the A 1 (LO) peak by donor impurities had been used to image spatially varying carrier concentrations in faceted GaN crystallites, therefore the A 1 (LO) peak was broadened [12, 13] . The results suggest that the Raman spectra were measured from the p-GaN layer to the n-GaN layer. The E 2 (high) peak at the edge point in the 0.7 mm square GaN-chip was shifted to lower wave number and the FWHM was broadened, as compared with the 0.7 mm square GaN-chip center point. The Raman peak shift was influenced not only the crystal structures but also the atmosphere temperatures. Thus, the Raman peak shift can not be determined to be caused by the variation of the crystal structures of the 0.7 mm square GaN-chip edge point. The FWHM of the Raman peak is depended only on the crystal structures. The results indicate that the crystal strains occurred just on the edge of the GaN-chip by the dicing process. We are considering that the phenomenon occurred by the dicing process was both the crystal strains and the screw dislocations.
X-ray measurement results

Conclusions
In order to characterize the variation of the crystal structures in the GaN epitaxial layer by the dicing process, X-ray measurements and Raman spectra measurements were carried out. In the results of X-ray measurements, the FWHM values of (0002), (10) (11) (12) (13) , and (10-12) of the GaN-chip became wider than those of the GaN-wafer. In the results of Raman spectra measurements, the E 2 (high) peak at the edge point in the GaN-chip was shifted to lower wave number and broadened. These results infer that both the crystal strains and the screw dislocations were generated just on the edge of the GaN-chip by the dicing process.
